Mammographic densities are hypothesized to reflect the cumulative exposure to risk factors that influence breast cancer incidence. This report analyzed percent densities over time and explored predictors of density change in relation to age. The study population consisted of 607 breast cancer cases and 667 frequency matched controls with 1,956 and 1,619 mammographic readings, respectively. Mammograms done over >20 years and before a diagnosis of breast cancer were assessed for densities using a computer-assisted method. Using multilevel modeling to allow for repeated measurements, we estimated the effect of ethnicity, case status, reproductive characteristics, hormonal therapy, body mass index, and soy intake on initial status and longitudinal change. After integrating the area under the percent density curve, cumulative percent density was compared with age-specific breast cancer rates in Hawaii. Percent densities decreased f5.6% per 10 years but a nonlinear effect indicated a faster decline earlier in life. Cumulative percent densities and age-specific breast cancer rates increased at very similar rates; both standardized regression coefficients were >0.9. Japanese ancestry, overweight, estrogen/progestin treatment, and, to a lesser degree, estrogen-only therapy predicted a slower decline in densities with age. Case status and adult soy intake were related to higher densities whereas overweight and having any child were associated with lower densities at initial status. Risk factors that influence the decline in mammographic densities over time may be important for breast cancer prevention because cumulative percent densities may reflect the age-related increase in breast cancer risk. (Cancer Epidemiol Biomarkers Prev 2006;15(4):732 -9) 
Introduction
In understanding the association between risk factors and breast cancer development (1, 2), mammographic density is considered an intermediate end point because of its strong association with breast cancer (3, 4) and its relation to established risk factors shown in numerous cross-sectional studies (5) (6) (7) . Although breast cancer risk increases with age, breast density declines with age and menopause (3) . As the cyclic proliferative process in the breast comes to an end, mammographic images become increasingly radiolucent due to a higher proportion of fatty tissue (3). Boyd et al. (8) proposed the hypothesis that mammographic densities reflect the cumulative exposure to factors that stimulate growth of breast cells since puberty and influence breast cancer incidence. This idea is based on Pike's model, which proposes a slowing of breast tissue ageing with time and certain reproductive events and provides a good fit with the agespecific incidence curve (9) . Among the few longitudinal studies of mammographic densities, a Canadian investigation estimated the average annual reduction in percent density at 1% (10) . Percent density decreased by an additional 3% when women who went through menopause were compared with age-matched women who remained premenopausal. The controls in several clinical trials experienced mean annual decreases between 1.9% (11), 1% (12) , or less (13, 14) . In a Dutch study that used density categories, 28% of women shifted to a lower category after 8 years whereas only 15% of women moved to a higher category (15) . In a longitudinal analysis of mammograms done over a 20-year period, we investigated the hypothesis that the area under the curve for age-specific densities may account for the age-related increase in breast cancer incidence (8, 10) . In addition, we explored how ethnicity, case status, reproductive characteristics, hormone replacement therapy (HRT), body mass index (BMI), and soy intake influence breast density over time.
Materials and Methods
Study Population. The study subjects for this longitudinal analysis participated in a nested case-control study of mammographic densities and breast cancer risk. As described in detail elsewhere (16) , all women were part of the Hawaii component of the Multiethnic Cohort that was formed between 1993 and 1996 and includes 118,441 women in Hawaii and Los Angeles (17) . For the nested case-control study, we identified 1,587 potential cases and 1,584 controls that were frequency matched by age and ethnicity (16) . After excluding 275 women because of death before 2002, a history of breast cancer or surgery before entry into the cohort, and never having had a mammogram, 2,896 women were eligible to participate. Of these, 1,465 subjects (734 cases and 731 controls) agreed to participate and returned all study forms, but for 191 women, no appropriate mammogram could be obtained. Therefore, the final study population included 607 cases and 667 controls. Despite the relatively low participation rate of 51%, the included women were very similar to the eligible subjects (16) . The original cohort and the nested case-control study were approved by the Committee on Human Studies at the University of Hawaii. All subjects provided informed consent to participate in both studies. for all cohort members. As part of the nested case-control study, a one-page breast health questionnaire elicited information on menopausal status, previous breast surgery, mammograms, and HRT use including the name of the medications, which were classified into estrogen only and combined estrogen/ progestin therapy. To estimate lifetime soy intake, information on soy intake during infancy, childhood (1-9 years), adolescence (10-19 years) , early adulthood (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) , and late adulthood (30+ years) was collected (11) . Participants marked the annual frequency of usual serving sizes for four categories (tofu, soy beans and sprouts, soy milk and drinks, and other soy products). For infancy, soy-based formula was the only choice. To obtain a summary score for early life and adulthood, we added the frequencies of intake, computed the mean annual intake, and created a binary variable for each period.
Mammograms. The mammographic films were retrieved from clinics located throughout the State of Hawaii using the authorization forms signed by the study subjects. The original cohort study had no records on mammography use except for one item in the baseline questionnaire. At that time, 90% of Caucasian and Japanese women and 75% of Native Hawaiian women reported previous mammography use. Only craniocaudal views were digitized using a Kodak LS 85 Film Digitizer with a pixel size of 260 Am. If available, mammograms for every second or third year were scanned with the goal to cover as wide a time period as possible for each woman. For cases, only mammograms taken before treatment for breast cancer were selected. The scanned images for both breasts were assessed for densities using the Cumulus108 software (18) by one reader (G.M.) who was blinded to case status and time sequence of the mammograms. The films were randomized by subjects: the films within subjects were viewed one after the other, but the temporal order was unknown. This procedure has been shown to be the best method for randomization and viewing of multiple mammograms (19) . After the reader determined a threshold for the edge of the breast and for the edge of the dense tissue (18) , the computer calculated the total number of pixels in the digitized image that constituted the total area and the dense area and computed the ratio between the two values. Given the high correlation between readings from the right and the left breast, the mean measures were used for analysis when both sides were available, but 689 (19.3%) measures were based on one side only. The reproducibility of the density assessment based on duplicate readings was high; the intraclass correlation coefficient for percent density was 0.974 (95% confidence interval, 0.968-0.978).
Statistical Analysis. Based on the ethnic background reported for both parents, persons with more than one ancestry were classified into a single category, giving first priority to Native Hawaiian, followed by Japanese, then Caucasian, and finally Other (17) . Based on the responses from the questionnaire at cohort entry and from the breast health questionnaire at enrollment into the breast density study, we created an HRT use and a menopausal status variable for each year of mammogram. A comparison of the HRT information from the two questionnaires showed good agreement for overlapping years when both questionnaires reported HRT use. To classify the type of HRT, we first used the information from the breast health questionnaire. If a woman indicated that she had used HRT at any time, but the write-in field was empty, we assigned the type of HRT from the cohort questionnaire completed at baseline. For the women with missing HRT type information, we imputed the type based on hysterectomy status (20) : estrogen only for women with a hysterectomy and combined therapy otherwise. A similar approach was used for menopausal status. In case we were uncertain about menopausal status in a particular year but had information that a woman had undergone menopause, we assigned perimenopausal status.
We used a multilevel regression model with percent density as the outcome variable to incorporate the repeated readings of ), soy intake early in life (none versus any), soy intake as an adult (<36 versus 36+ servings/y), parity (0-1, 2-3, or 4+), age at menarche (<13, 13-14, or 15+ years), age at first live birth (<21, 21-30, >30 years, or no children), menopausal status (premenopausal, 0; perimenopausal, 0.5; or postmenopausal, 1), and HRT use in the year of the mammogram (none, estrogen only, or estrogen plus progestin). The covariates were chosen because they have previously been found to be related to breast cancer (27) and mammographic density (3). Family history of breast cancer and smoking status were not included in our model because they were not significantly associated with mammographic density in this data set. The variables percent density, age, square of age, menopausal status, and HRT use (level 1) were assessed for each year of mammogram and, hence, varied across time. BMI was also treated as time dependent because two measures were available: one at cohort entry and one at follow-up 5 years later. For mammograms done before entry into the cohort or after follow-up contact, the BMI measures from the baseline questionnaire or from the followup questionnaire were used. For mammograms done between the two points in time, we interpolated the BMI in a linear fashion. The baseline BMI was used for all mammograms of the 36 women who did not respond to the follow-up questionnaire. All other variables were independent of time (level 2) because they were measured only once at entry into the cohort or were fixed (e.g., ethnicity).
To assess the effects of the covariates longitudinally, interaction terms with age were entered into the model. Therefore, we obtained two regression coefficients for each predictor variable: an estimate for the association of each variable with percent density at age 32, the initial status, and an estimate of the influence of the variable over time. Interactions between the square of age and the other predictors were not significant (P < 0.05). As examination of the overall model fit, we calculated pseudo-R 2 , the square of the correlation between the actual scores and the model predicted scores. Based on Hawaii Tumor Registry data for 1973-2001 (28, 29), we plotted agespecific breast cancer incidence rates from 30 to 85 years by 5-year age groups. We estimated the area under the percent density curve using integration and plotted percent density years as a measure of cumulative exposure to mammographic density. The slopes of both curves were computed as standardized regression coefficients using linear regression (30) .
Results
This study included 607 breast cancer cases and 667 controls. Approximately half of the population was of Japanese ancestry. Of all participants, 1,048 (82%) women had more than one mammogram and close to half of all subjects had Table 2 . Characteristics of mammograms for 1,274 study subjects (Table 2) . We estimated mean percent density at age 32 as 55% and the age-related decline as 5.63% per 10 years (Table 3) . When we compared a multilevel model with age as the only predictor to a model that included also the square of age, the change in Deviance statistics (49.4, P < 0.0001) suggested that the nonlinear regression line provided a better fit than the linear one (Fig. 1) . The nonlinear effect of 1.64% per 10 years in the full model described the faster decline of densities over time earlier in life than later (Table 3 ). The strongest decline in densities occurred between age 45 and 55; after age 65, breast density changed very little. The mean size 2 (the square of age), menopausal status, BMI, and HRT are time-varying variables (level 1). All other variables were measured only once at entry into the cohort (level 2). *Estimate is the regression coefficient. cMenopausal status was coded 0 for premenopausal, 0.5 for perimenopausal, and 1 for postmenopausal. bHormone replacement use cannot be estimated before menopause. x There is no reference group for soy intake because it is not dummy coded (''as child'' and ''as adult'' can both equal 1). Figure 1 . Linear and nonlinear growth models for percent density as a function of age (no covariates included). Â, means for fiveyear age groups. This nonlinear (curved line) growth model provides significantly better fit than the linear (straight line) growth model. of the total breast area was 25% larger at age 75 to 80 than at age 40 to 45, whereas the size of the dense areas decreased by 34% with age (Fig. 2) . Age-specific breast cancer incidence and cumulative percent densities showed very similar increases by age (Fig. 3) . The standardized regression coefficient for the breast cancer incidence model was 0.95 and for the cumulative percent density model, 0.99 (P < 0.001 for both).
According to the pseudo-R 2 , 34% of the variance in percent density was explained by the predictor variables included in the model. The correlation between initial percent density and the rate of change was equal to À0.74 (P < 0.0001), suggesting that women with higher initial percent density had a faster rate of decrease in breast density over time. In all age groups, breast cancer cases had higher percent densities than controls (Fig. 4) . At initial status, cases had 10.2% higher densities than controls (Table 3 ) but the rate of change in percent density was not significantly related to case status (P = 0.11). Ethnicity and BMI were significantly associated with change in percent density over time (Fig. 5 ). In comparison with Caucasians, Japanese women experienced a 3.8% (P = 0.01) smaller decline in densities for every decade of life than Caucasians but there were no significant differences at initial status. Women with BMI >25 kg/m 2 had lower initial percent density (P < 0.0001) than women with lower BMIs. The difference was 11.8% and 21.6% for women with BMI of 25 to 30 kg/m 2 and >30 kg/m 2 , respectively. However, overweight and obese women experienced a slower decrease in density over time than women with BMI of <25 kg/m 2 (1.9%, P = 0.04 and 3.6%, P = 0.01).
Age at menarche was not related to breast density. Having any child was related to initial percent density but there was no significant difference according to age at first live birth. An age at first live birth after age 30 was related to slower rate of decrease in percent density in comparison with having no children (P = 0.04). Women with more than one child showed a nonsignificant 2.6% faster decline in densities than women who had 0 to 1 children. The transition of premenopausal to postmenopausal status resulted in a nonsignificant decrease in percent density. However, the estimate was based on only 112 cases and 66 controls that changed from premenopausal to postmenopausal status. HRT use could only be modeled after menopause (Fig. 5) . Combined HRT use was related to a significant delay in the decline of densities (3.3%, P < 0.0001). Estrogen only use was also associated with a slower decrease but to a much smaller extent than combined HRT (1.6%, P = 0.03). Early life soy intake was weakly related to lower percent densities at initial status (À8.6%, P = 0.07) whereas soy consumption during adulthood predicted significantly higher densities (8.9%, P = 0.04). The rate of change was not significantly affected by soy intake although women who consumed soy as adults seemed to experience a faster decline than women who consumed soy as children.
Discussion
This longitudinal analysis of mammographic densities indicated that cumulative percent densities increase at a very similar rate between age 30 and 85 as breast cancer incidence while no causality can be inferred. Although the two curves in this report were derived from two different populations, the study participants of the case-control study represent the ethnic diversity and risk patterns of Hawaii population from which the breast cancer incidence rates were derived (27, 28) . Breast cancer risk remains slightly lower in Hawaii than in the continental United States due the lower risk of some Asian Americans but the incidence rates for Japanese and Native Hawaiians are very similar to Caucasian rates (27, 31, 32 ). In our model, breast density decreased f6% in 10 years and menopause led to another 1% to 2% loss in densities with a slower decline in densities with age. Combined HRT and estrogen-only use delayed the decline in densities over time but estrogen-only treatment had only half the effect of combined HRT. In addition to its strong inverse association with breast density, overweight and obesity contributed to a significantly slower decline in densities over time.
The difference of f20% in densities between 40 and 60 years (Table 2) is very similar as in previous reports (10, 33) . The magnitude of change in densities over time was similar to the 1% in the Canadian longitudinal study (10) and the rates described for controls in clinical trials with postmenopausal women: À2.1% over 2 years in a dietary modification study (12), À1.3% over 2 years in a Raloxifene versus estrogen trial (13), and À0.5% during 1 year in a large HRT trial (14) . Not surprisingly, the decline described for premenopausal women (À1.9% per year; ref. 11) was higher than in the current study. Our findings disagree with a report that observed the greatest change in densities between age 55 and 64 (34) but the density assessment in that analysis was based on qualitative Breast Imaging Reporting and Data System categories (35). We were also not able to detect the distinct change related to menopause (3%) described by Boyd et al. (10) because we did not know the exact year of menopause. The determinants of mammographic densities observed in this report are very similar to those of other studies although we found no association with age at menarche and number of children (3, (5) (6) (7) 36) .
Japanese ancestry was associated with lower densities at initial status, but a slower decline in densities with age. It is possible that the changing breast cancer risk across the different generations of Japanese migrants is responsible for the opposite direction of the two variables (37) . Nevertheless, in agreement with the observation of similar breast cancer risk during recent years (27, 32) , the cumulative exposure to breast density would not be very different in Japanese than in Caucasians. One possible explanation for the paradox of lower percent densities among women with high BMI despite the greater breast cancer risk associated with a higher body weight is that the effects of postmenopausal obesity are not mediated by breast density (3, 38) . The novel observation from our multilevel model is that women with higher BMI experience a slower decline in mammographic densities, thereby acquiring a higher cumulative risk despite lower densities at initial status. The findings are also compatible with the epidemiologic evidence that a higher body weight before menopause is protective against breast cancer whereas overweight among postmenopausal women increases risk (2, 39) .
The observation that estrogen-only therapy significantly delays the decline in breast density, although to a lesser degree than combined HRT, is an important finding. Results from two clinical trials indicated a nonsignificant increase of 1.2% and 1.3% due to estrogen-only therapy (13, 14) . Our significant result is probably due to the longer observation period. The strong relation with combined HRT is consistent with the Postmenopausal Estrogen/Progestin Interventions trial that described 3% to 5% higher densities over 2 years among women taking different progestin-containing medications. The slower change to favorable density patterns with age when women are taking HRT has also been described by several studies using qualitative density categories (34, 40, 41) . The fact that, in a cross-sectional investigation, HRT use showed a stronger association with breast density at an older age than Figure 5 . Nonlinear growth models for percent density as a function of age for six predictors. All models include age, square of age, ethnicity, case status, BMI, age at menarche, parity, age at first live birth, menopausal status, HRT use, soy intake in early life and adulthood as covariates. among younger women supports the idea of a cumulative effect (6) .
Soy intake during childhood and adulthood had slightly different relations with breast density. Women with soy intake during adulthood only had the highest densities and the steepest decline whereas women with only childhood consumption had the lowest densities and the smallest decline (Fig. 5) . Interestingly, low soy intake during early life and high soy intake during adulthood also predicted a greater reduction in percent density during a 2-year trial among premenopausal women (11) , but this may have been a chance finding due to uncontrolled confounders. Although we used the lifetime soy questionnaire in this previous study, we are uncertain about its validity.
This study had a number of serious limitations, foremost the collection of information on BMI and HRT by self-report. Although the questionnaire asked for HRT use by year, this information may have been affected by recall bias. Because each woman only recorded one type of HRT in the breast health questionnaire, we may have missed a change from one type of HRT to another. BMI was available for two points in time 5 years apart (approximately 1995 and 2000) but a large proportion of mammograms was done during earlier years for which BMI information was not collected. Given the high correlation of the two BMI measures and the small rate of change over 5 years, we are confident that BMI did not change dramatically in this population. The age range of Multiethnic Cohort participants limited our ability to investigate changes in breast density among premenopausal women; only 17.3% of all mammograms were performed before menopause. Given the unfavorably risk/benefit of mammography for young women, our calculation of cumulative exposure had to omit earlier years when breast density is highest. Selection bias may also have affected our results. In addition to the relatively low participation rate in the nested case-control study, we did not locate an equal number of screening mammograms for all subjects. It is possible that women with higher mammography use experienced different changes in density patterns over time than subjects who did not receive mammograms, but, given the high self-reported mammography use at baseline, bias from this source seems unlikely.
Because the amounts of epithelial and stromal tissue as represented by the dense areas probably determine breast cancer risk (3), the size of the dense areas may provide more relevant information than percent density which is strongly influenced by body weight (38, (42) (43) (44) . Nonetheless, as Fig. 2 indicates, the decrease in the size of the dense areas with age is similar to that for percent densities (Fig. 1) . The somewhat larger decline in percent densities is due to the age-related softening of breast tissue, allowing greater compression during mammography that leads to an increase in total breast area on mammographic images. In a very detailed analysis of absolute versus relative density (44) , it has been proposed that percent density may be the more appropriate measure when assessing breast risk because it incorporates the effects of body weight. Higher amounts of fatty tissue surrounding the dense areas may increase breast cancer risk through aromatization of androgens to estrogens (45) and lipid peroxidation (46) .
On the other hand, our study had considerable strengths. The availability of multiple mammographic images over close to 20 years provided a stable exposure measure and allowed us to explore density changes prospectively. Four or more mammograms were available for 350 women covering 8.9 years and three films for another 270 women spanning 5.8 years. Although the quality of mammographic images changed during the study period due to modifications in mammographic techniques and film processing, we did not observe a significant effect of year when the mammogram was performed after including an indicator variable into the model. This suggests that the assessment method adjusts adequately for differences in the brightness and quality of films. Reading errors in density assessment are of concern, but the correlation coefficients for repeated readings in this and other studies indicate high reliability (47) .
The results of this longitudinal investigation agree with the hypothesis that cumulative breast density reflects exposure to risk factors that predict age-specific breast cancer incidence (8) although a causal relation cannot be ascertained through an observational study. Because cumulative exposure to density and breast cancer incidence are both almost linear functions of age, the relations are expected to look similar. The adverse effects of overweight and HRT use on the decline in densities correspond to the higher breast cancer risk associated with these factors (48, 49) . The possible mechanisms of action for risk factors to affect breast density include hormones and growth factors that may stimulate cell growth and division in the breast (8) . We cannot conclude from our data whether the rate of change in densities is associated with the development of breast cancer because, in the multilevel model (Table 3) , case status was not related to change in densities over time. Nevertheless, risk factors that influence the rate of decline in mammographic densities over time may be important for breast cancer prevention because cumulative percent densities reflect the age-related increase in breast cancer risk.
